Although blood-brain barrier (BBB) integrity is maintained by the cross-talk of endothelial cells, junction proteins, and neurogliovascular network, the epigenetic mechanisms behind BBB permeability are largely unknown. We are reporting for the first time miR29b-mediated regulation of BBB, which is a novel mechanism underlying BBB integrity. We hypothesize that miR29b regulates BBB dysfunction by regulating DNMT3b, which consequently regulates the levels of metalloproteinases, that can eat up the membrane and junction proteins leading to leaky vasculature. In addition, 5 0 -azacytidine (5 0 -aza) was used to test its efficacy on BBB permeability. Blood-brain barrier disruption model was created by using homocysteine, and in the models miR29b was identified to be most affected, by using microRNA RT 2 -qPCR array. MiR29b mimics and inhibitors also confirmed that miR29b regulates the levels DNMT3b and MMP9. In hyperhomocysteinemic cystathionine-b-synthase deficient (CBS þ / À ) mice with high brain vessel permeability, miR29b levels were also high as compared with wild-type (WT) mice. Interestingly, 5 0 -aza improved BBB permeability by decreasing the expression of miR29b. In conclusion, our data suggested miR29b-mediated regulation of BBB dysfunction through DNMT3b and MMP9. It also potentiates the use of microRNAs as candidates for future epigenetic therapies in the improvement of BBB integrity.
INTRODUCTION
Cerebral microvessels form the major interface between the blood and brain, termed as blood-brain barrier (BBB), which separates brain from the circulatory system. It is formed by tightly packed endothelial cells that line the cerebral brain vessels. Their structure is maintained through specialized tight junctions, gap junctions, and adherent junctions. 1, 2 The barrier is important for various aspects such as: selective transportation of the molecules into and out of the brain, preventing entry of harmful substances to the brain, allowing specific ion transporter channels to regulate ionic traffic, and maintenance of the brain integrity. 2 The BBB disruption can lead to increased permeability, which is an important factor in vascular etiology and stroke-like pathology. 2, 3 Although, the BBB is exclusively maintained by junction proteins like zonula occludens, claudins, and cadherins, 4 studies demonstrating the role of microRNAs in regulating BBB remain scarce. We are for the first time, reporting the role of miR29b in regulating BBB permeability and dysfunction. The miR29 family is the 'epi-miR' that regulates epigenetic processes and there are four members reported of this family: miR29a and miR29b1 (which is processed through chromosome no. 7), and miR29b2, miR29c (that is co-transcribed from chromosome no. 1). Mounting reports suggest specific role of miR29b in DNA methylation by directly targeting DNMT genes 5, 6 although, these reports are in lung cancer and leukemia. There have been contrasting reports regarding the role of miR29b in ischemic brain injury. One of the earlier reports suggests that downregulation of miR29b after acute ischemic stroke contributes to neural cell death and infarct size. 7 However, one report describes that upregulation of miR29b after ischemic brain injury promotes neuronal cell death by inhibiting Bcl2L2. 8 As these studies do not throw light on the role of miR29b in BBB disruption and reports about this microRNA are lacking, the significance of our study lies in drawing a clear picture on how miR29b can affect BBB.
Homocysteine (Hcy) is a sulfur-containing amino acid, derived from methionine metabolism, and its elevated level in plasma is referred to as hyperhomocysteinemia (HHcy). We have used Hcy to create BBB disruption model in bEnd.3 cells for in vitro studies and cystathionine-b-synthase deficient (CBS þ / À ) gene-deficient mouse model for in vivo studies. It has been reported that subclinical elevation in Hcy levels (from baseline of B3 mmol/L to B12 mmol/L) results in considerable leakage of plasma proteins (albumin and endogenous immunoglobulins) in rodent brains. [9] [10] [11] We earlier reported that CBS þ / À mice have high levels of Hcy (21 ± 4 mmol/L) as compared with WT (5 ± 2 mmol/L). 12 Homocysteine instigates BBB disruption by inducing redox stress and upregulating matrix metalloproteinases (MMPs), which are zinc-dependent endopeptidases that have a critical role in matrix remodeling and lead to blood-endothelial barrier leakage. 13 In addition, the contribution of high Hcy levels to BBB dysfunction lies in modulating DNA methylation by donating methyl groups through s-adenosylmethionine (which is a universal methyl donor) and mediating methylation of important genes and histones. 14 Creating BBB disruption by Hcy, we questioned whether miR29b can ameliorate this condition by mitigating the MMPs expression and DNA methylation. 5 0 -Azacytidine (5 0 -aza; an epigenetic agent) has been used in alleviating neurologic outcomes and stroke infarct volume. 15, 16 As some preliminary reports state that miR29b levels can be affected by the treatment with 5'-azacytidine or decitabine, 17, 18 it was very interesting to see whether 5 0 -aza can improve BBB permeability and what role miR29b has in 5 0 -aza-mediated permeability mitigation. Hence, we hypothesize that miR29b regulates BBB permeability by regulating these sequential events; (1) it regulates the levels of DNMT3b, (2) DNMT3b in turn regulates MMP9 levels, which are proteases and can cleave BBB junctions and form leaky vasculature, (3) MMP9 alter the junction proteins (occludens, claudins, and cadherins) and, (4) owing to alteration in junction proteins, the BBB permeability is affected. To validate the hypothesis, we used Hcy and 5 0 -aza in parallel and examined the events like permeability, reactive oxygen species generation, expression of MMP9, DNMTs, and junction proteins along with the expression of miR29b by using miR29b mimics and inhibitors.
MATERIALS AND METHODS

Cell Culture
Mouse brain endothelial cell line (bEnd.3) was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in Dulbecco's modified Eagle's medium supplemented with 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 4 mmol/L glutamine, 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin, pH 7.4. The cells were maintained under an atmosphere of 5% CO 2 and 95% air in 25 cm 2 tissue culture flask. The cells were allowed to grow to 70% to 80% confluence, trypsinized, and seeded onto six-well plate and given treatments.
Treatment Groups
In vitro. The bEnd.3 cells were used for in vitro study as described by previous studies 19, 20 and given the following treatments: (1) Control (no treatment), (2) Hcy (100 mmol/L), (3) Hcy þ 5 0 -aza (10 mmol/L), 4) 5 0 -aza. Cells were given treatment for 24 hours and harvested for further experiments.
In vivo. Experimental male mice (age 8 to 10 weeks) groups of the study were as following: (1) C57BL/6 (wild type, WT), (2) C57BL/6 treated with 5 0 -aza (WT þ 5 0 -aza), (3) CBS þ / À , genetic HHcy mice, (4) CBS þ / À mice treated with 5 0 -aza (CBS þ / À þ 5 0 -aza). The 5 0 -aza (0.5 mg/kg body weight) treatments were given through intraperitoneal route for a period of 6 weeks at alternate days. The animal procedures were carefully reviewed and approved by the Institutional Animal Care and Use Committee, University of Louisville, in accordance with the animal care and proper guidelines of the National Institutes of Health.
Creating Blood-Brain Barrier Cell Permeability Models in Cell Line and Mouse
Endothelial cell permeability was created by treating the cells with 100 mmol/L Hcy. We did a dose-dependent permeability assay using transwell migration supports in bEnd.3 cells and found that 100 mmol/L Hcy to be threshold concentration for developing endothelial cell permeability. We also did a dose-dependent treatment for 5 0 -aza and found that 10 mmol/L 5 0 -aza decreased permeability significantly. Permeability was assessed using Lucifer yellow, BSA-647, and fluorescein isothiocyanate labelled bovine serum albumin (FITC-BSA) as described earlier. 21, 22 Briefly, the cells were grown on transwell permeable supports (Corning, Corning, NJ, USA) with polycarbonate membranes (Nuclepore Track-Etched membrane; 6.5 mm in diameter, 0.4-mm pore size, and pore density of 108/cm 2 ). After treatment with Hcy and 5 0 -aza, the media was collected from bottom chamber at different time intervals (Lucifer yellow and BSA-647) and overnight (FITC-BSA). Extent of leaked BSA through a membrane was assessed by measuring fluorescence intensity in the samples with microplate reader (SpectraMax M2; Molecular Devices, Sunnyvale, CA, USA).
The use of CBS þ / À mice in this study as model for BBB disruption was in agreement with our previous study. 23 Briefly, mouse was anesthetized and placed on a stereotaxic apparatus (World Precision Instruments, Sarasota, FL, USA). Craniotomy was done over the parietal cranial bone above the left hemisphere and around 14-mm window was made in the skull using high-speed microdrill (Fine Science Tools, Foster City, CA, USA). Carotid artery cannulation was done for infusion of 300 mg/mLFITC-BSA. Fluorescein isothiocyanate labelled bovine serum albumin (BSA, 0.2 mL/ 100 g of body weight) was infused through the carotid artery cannulation by a syringe pump (Harvard Apparatus, Holliston, MA, USA) and allowed to circulate. The images were captured and the data were interpreted with software provided with the instrument and Image-pro plus 6.3 (Media Cybernetics, Rockville, MD, USA).
Measurement of Reactive Oxygen Species Thorough Confocal and Flow Cytometry
The intracellular reactive oxygen species generation was measured by treating the cells with 2 0 -7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA, 5 mmol/L, Invitrogen, Carlsbad, CA, USA) as described earlier. 24 Briefly, cells were incubated with the dye for 20 minutes at 371C, washed with phosphate-buffered saline, and analyzed through laser scanning confocal microscope ( Â 60, and Â 100 objective, FluoView 1000; Olympus, Center Valley, PA, USA). For flow cytometry, the cells were scrapped and subjected to Accuri's C6 Flow Cytometer (Accuri Cytometers, Ann Harbor, MI, USA).
Quantitative Real-Time PCR for MicroRNA and Individual Genes
RNA was isolated using miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) as per manufacturer's instructions and converted to cDNA using miScript II RT kit (Qiagen). The RT 2 -qPCR array was performed on 96-well plates (MIMM-107ZA-2, miScript miRNA PCR array, mouse neurologic development and disease, Qiagen) as per manufacturer's instructions. The cDNA was also analyzed for individual microRNA expression using miScript SYBR Green PCR kit. The amplification was performed in Stratagene Mx3000p (Agilent Technologies, Santa Clara, CA, USA) and the CT values were determined after baseline and threshold adjustment and the results are expressed in fold expression. The transcript levels of DNMT3b, MMP9 were also determined and the gene expression was normalized with Rn18s. Supplementary Table 1 describes primer sequences used in the study.
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis and Western Blotting
Protein extracts (40 mg) were separated in polyacrylamide gel and transferred to polyvinylidene difluoride membranes using electrotransfer apparatus (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% non-fat dry milk (1 hour) and probed with primary antibody (1:1,000) overnight at 41C. Next day, membrane was washed and incubated with secondary antibody (-HRP conjugated, 1:10,000) for 60 minutes at room temperature, and developed with ECL detection system (GE Healthcare, Piscataway, NJ, USA). The images were recorded in chemiprogram of the gel documentation system (Bio-Rad) and band intensity was normalized with respective glyceraldehyde 3-phosphate dehydrogenase intensity calculated through Image Lab densitometry software (Bio-Rad).
Gelatin Zymography Assay
A quantity of 30 mg protein sample was run on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel prepared with 2% gelatin, 25 washed thrice with 2.5% Triton X-100 (20 minutes each), and incubated for 24 hours (371C) in activation buffer (5 mmol/L Tris-HCl (pH 7.4), 0.005% (v/v) Brij-35, and 1 mmol/L CaCl 2 ). Gels were Coomassie stained and distained to monitor proteolytic activity of the sample as a clear band on a stained background. The images were recorded with gel documentation system (Bio-Rad) and the data were analyzed with the Image Lab software (Bio-Rad).
Transfection of bEnd.3 Cells and In Vivo Administration of Anti-miR29b
The bEnd.3 cells were transfected with miScript miR29b Mimics (MSY0000127 cat# 219600-S0), miScript miR29b inhibitor (MIN0000127 cat# 219300-S0P4), DNMT siRNA (cat# SI00165382) along with all-star negative control siRNA, and miScript negative control inhibitor (cat# 1027280 and cat# 1027271, Qiagen), using HiPerFect transfection reagent (cat# 301702, Qiagen) as recommended by the supplier's protocol.
Locked nucleic acid-mediated silencing of microRNA was performed according to previous reports. 26, 27 CBS þ / À mice were administered with locked nucleic acid scramble miR and locked nucleic acid-anti-miR29b intracerebrally suspended in artificial cerebrospinal fluid (800 ng/2 mL). The method of intracerebral administration was followed by our previous report. 28 The mice were used for FITC-BSA leakage analysis after 24 hours of anti-miR29 administration.
Immunohistochemistry Analysis
A quantity of 20 mm frozen brain tissue section was cut (Cryostat, Leica, CM, USA) and mounted on charged slides (VWR, West Chester, PA, USA). The sections were blocked with blocking solution (0.1% Triton X-100 TBS (TBS-T), 0.5% BSA, and 10% normal donkey serum; 1 hour) and incubated with primary antibody (1:100) for overnight at 41C. Sections were washed 
Statistical Analysis
All values are expressed as mean±s.e.m. Interaction between groups was determined by two-way analysis of variance test (for three or more groups). Two tailed Student's t-test was used for 2-group comparisons using SPSS software (ver.17). The null hypothesis was rejected at 'P'-value equal to or less than 0.05.
RESULTS
Confirming Blood-Brain Barrier Disruption in bEnd.3 Cells and Hyperhomocysteinemic Mouse Models
Homocysteine-induced BBB disruption model in bEnd.3 cells was confirmed by analyzing paracellular and transcellular transport systems using Lucifer yellow and BSA-647 fluorescence probes leakage at different time points (10, 20, 40, 60, 120 minutes) in four treatment groups. In Hcy-treated cells, significant endothelial cell permeability was observed, as evident through increased leakage of the Lucifer yellow (at 40 minutes and 60 minutes; Figure 1A ) and BSA-647 (at 40 minutes to 120 minutes; Figure 1B ) fluorescent dyes, which suggested that both paracellular and transcellular transport systems are affected during endothelial disruption. 5 0 -azacytidine significantly decreased Hcy-induced endothelial disruption at different time points. 5 0 -azacytidine alone did not affect endothelial cell integrity (for Figure 1A , F4F À crit , F ¼ 94.52, Po0.0001; for Figure 1B , F4F À crit , F ¼ 109. 35 , Po0.0001).
As oxidative stress is a hallmark of permeability, we estimated oxidative stress in cells using H 2 DCF-DA dye. We found increase in oxidative stress in Hcy-treated cells as compared to control using confocal microscopy ( Figure 1C ). However, the oxidative stress in the Hcy-treated cells was decreased with 5 0 -aza treatment. The results were also confirmed by using flow cytometry for H 2 DCF-DA-treated cells and we found similar results ( Figure 1D ). H 2 O 2 was used as positive control for flow cytometry analysis ( Figure 1D ).
In CBS þ / À /HHcy mouse models, BBB disruption was confirmed by macromolecular permeability analysis. Out of the four groups, HHcy mice revealed high pial venular leakage as compared to WT ( Figure 2 ). In WT þ 5 0 -aza and CBS þ / À þ 5 0 -aza groups, the permeability was not affected and was comparable with the WT group (Figure 2 ).
Identification and Assessment of miR29b in Blood-Brain Permeability Model
The RT 2 -qPCR array was used to explore microRNAs induced under BBB disruption, and we determined several fold increase in different microRNAs along with significant increase in miR29 family members (miR29a-3, miR29b-3, and miR29c-3) as compared to control cells ( Figure 3A ). The individual miR assay, with snoRD72 as endogenous control, also determined significant increase in miR29 family members (miR29a, miR29b1, miR29b2, and miR29c) in Hcy-treated cells. Interestingly, 5 0 -aza significantly downregulated Hcy-induced miR29b1 and miR29b2 ( Figure 3B ). Figure 2 . Blood-brain barrier (BBB) disruption in hyperhomocysteinemic mice models. Representative recorded images showing macrovascular leakage through brain pial venules using fluorescein isothiocyanate labelled bovine serum albumin. Intensity data was calculated at the rectangular block, as area of interest shown on the images (white block), and expressed as fluorescence intensity units (FIU) in the bar diagram. Cystathionine-beta-synthase-deficient (CBS þ / À ) mice showed high permeability as compared with wild type (WT), WT þ 5 0 -aza (5 0 -azacytidine), and CBS þ / À þ 5 0 -aza groups. Data represent mean ± s.e.m. **Po0.005 versus WT; ## Po0.005 versus CBS þ / À mice groups (n ¼ 3). Regulation of miR29, DNMT3b, and MMP9 in bEnd.3 Cells during Blood-Brain Barrier Permeability To confirm Hcy-induced expression of miR29b, we tested different doses of Hcy and found a dose-dependent increase in miR29b expression ( Figure 4A ). We further looked into the downstream events and checked the expression of DNMT3b and MMP9 with increasing doses of Hcy. We found decrease in the DNMT3b protein expression with increase in Hcy, but not in DNMT3a ( Figure 4B ). Conversely, we found increase in the protein expression and activity of MMP9 on western blot and gelatin Zymography ( Figure 4C ). Connecting these three dots, with increase in Hcy, we found increase in miR29b and MMP9 along with decrease in DNMT3b. In parallel to Hcy, we also tested dose-dependent effect of 5 0 -aza on MMP9 levels and found that high levels of 5 0 -aza reduced the expression and activity of MMP9 ( Figure 4D ).
Use of miR29b Mimics and Inhibitors to Confirm the Regulation of DNMT3b and MMP9
We transformed the cells with miR29b mimics and inhibitors and checked the expression of DNMT3b and MMP9 with real-time PCR. In cells transformed with miR29b mimics, the mRNA expression of DNMT3b significantly diminished as compared with scramble, upon Hcy treatment ( Figure 5A ) (F4F À crit , F ¼ 169.3, Po0.0001). While with the use of anti-miR29b, the mRNA levels of DNMT3b increased profoundly. Conversely, the expression of MMP9 increased fourfold with the use of mimics and decreased to 0.5folds with the use of inhibitors with Hcy treatment ( Figure 5B ) (F4F À crit , F ¼ 176.3, Po0.0001). To further confirm the regulation of MMP9 with miR29, we checked the MMP9 protein expression with western blot and MMP9 activity with gelatin Zymography {Figure 5C (F4F À crit , F ¼ 8.699, Po0.0003), 5D (F4F À crit , F ¼ 17.94, Po0.0001)}. We found similar results as with real-time PCR. With miR29b mimics the expression and activity of MMP9 increased, while the results were reversed with miR29b inhibitors (Figures 5C and D) . We used 5 0 -aza in parallel with Hcy in all the experiments and found that 5 0 -aza reverted back the effects of Hcy and ameliorated the levels of DNMT3b and MMP9 ( Figure 5A-D) .
The Effects of Mimics and Inhibitors on Cell Permeability
We checked the effects of miR29b mimics and inhibitors directly on the cell permeability by FITC-BSA transwell migration assay and found that miR29b mimics significantly increased the cell permeability in Hcy-treated cells as compared with control ( Figure 5E ). MiR29b inhibitor decreased the Hcy-induced permeability ( Figure 5E ). 5 0 -aza co-treated with Hcy decreased the permeability in the untransformed cells and miR29b transformed cells. 5 0 -Azacytidine alone did not alter the permeability in transformed and untransformed cells as compared with control ( Figure 5E ) (F4F À crit, F ¼ 8.467, Po0.0001).
miR29b, DNMT3b, and MMP9 Regulation in Mice Brain Tissues
In mice model with HHcy CBS þ / À , we found increase in the expression of miR29b as compared with WT with real-time PCR ( Figure 6A ), which correlated with the in vitro data. The levels of miR29b were significantly decreased in CBS þ / À mice treated with 5 0 -aza and became comparable with WT þ 5 0 -aza. The protein expression of DNMT3b decreased in CBS þ / À mice as compared with WT ( Figure 6B ). The expression and activity of MMP9 were increased in the CBS þ / À groups as compared with the control group ( Figures 6C and D) . While the expression/activity of MMP9 was significantly decreased in CBS þ / À mice treated with 5 0 -aza ( Figures 6C and D) .
Analysis of Molecular and Junction Protein Alterations Maintaining
Blood-Brain Barrier Permeability Brain tissue expressions of endothelial marker (CD31), gap junction (connexin40), tight junction (occludin), and adherent junction (VE-cadherin) were determined in BBB disruption with immunohistochemistry analysis. Confocal analysis showed significant reduced intensity of CD31, VE-cadherin, occludin, and increased intensity of Connexin40 in CBS þ / À as compared with WT À and WT þ 5 0 -aza brain vessels ( Figure 7A-D) . The treatment of 5 0 -aza to CBS þ / À mice significantly ameliorated CD31 and VE-cadherin expressions, as compared with CBS þ / À brain cortical vessels (Figures 7A, C, and D) . In addition to this, we also determined oxidative stress (Nox-4), endothelial dysfunction (eNOS), and synaptic plasticity (SAP-97) markers in treated/ untreated CBS þ / À and WT À brains. Nox-4 was increased, while eNOS and SAP-97 were significantly decreased in HHcy brain as compared with WT and WT þ 5 0 -aza brains ( Figure 7E ). However, treatment with 5 0 -aza alleviated these markers in CBS þ / À þ 5 0 -aza brain ( Figure 7E ).
DISCUSSION
The studies on the role of epigenetic remodeling in brain vascular pathology are scarce and hence, this report dictates the involvement of microRNAs in cerebrovascular leakage. The results suggest that miR29b regulates BBB permeability by affecting endothelial cells and regulating the levels of MMP9 through DNMT3b. The use of miR29b mimics showed increase in the BBB permeability thereby affecting endothelial cells along with elevated expression of MMP9 and diminished DNMT3b, which was reversed by using miR29b inhibitors. This confirmed the BBB regulation with miR29b with the involvements of DNMT3b and MMP9. Interestingly, when we used 5 0 -aza, it mitigated the BBB disruption by alleviating the levels of MMP9, DNMT3b, and miR29b.
Clinical reports suggest that mild-to-moderate HHcy occurs in 5% to 10% of the general population, 40% of patients with peripheral vascular disease, and may reach greater than 90% in patients on hemodialysis. 29, 30 Previous studies from our and other labs have also shown that high Hcy levels impart significant influence in BBB opening and thus raise permeability. 3, [31] [32] [33] Therefore, we created BBB disruption model by using Hcy in bEnd.3 cells and to validate in vitro findings, we used genetically hyperhomocysteinemic CBS þ / À mice models for in vivo studies. Previous studies also described bEnd.3 cells as a convenient and useful model to study BBB functions. 19, 20 The BBB disruption was reflected by transwell migration assay in cell line and brain pial venules permeability in CBS þ / À mice model. There was increase in the production of reactive oxygen species in the two BBB models, which is one of the factors for BBB disruption as reflected through previous reports. 23, 24 In BBB permeability, we checked the levels of microRNAs and observed profound increase in the levels of miR29 family in miR RT 2 -qPCR array. Literature suggests that miR29b can target DNMTs and indirectly affect methylation of genes. Fabbri et al. 5 have reported that miR29b binds to the 3'-UTRs of DNMT3a, and -3b (de novo methyl transferases), two key enzymes involved in DNA methylation, and reverts aberrant methylation in lung cancer. Similarly, Takada et al. 34 identified DNMT3a and DNMT3b as targets of miR29b and found that these two DNMTs are negatively regulated by miR29b in primordial germ cells of female mouse embryos. In our study in brain, we found dose-dependent increase in the expression of miR29b with Hcy and dose-dependent decrease in DNMT3b expression induced against Hcy, which showed a negative correlation between miR29b and DNMT3b.
In our and other previous reports, it was observed that Hcy activates proteases along with the free radicals that attack membranes. [35] [36] [37] Among different proteases, MMPs (MMP2, MMP9) are reported for inducing various molecular cascades in cerebral complications. 23, 28, 38 Hence, it was interesting to see, whether there is a correlation between MMP9, DNMT3b, and miR29b. We found a dose-dependent increase in MMP9 expression and activity with Hcy. Putting these three together, we postulated that miR29b regulates DNMT3b that can regulate MMP9 expression by methylation. The association of MMP9 gene expression with DNMT3b was indicated by one report in heart that explained that methylation of MMP9 promoter region is correlated with DNMT3b expression. 39 The authors established that with increase in the DNMT3b expression, there is hypermethylation of the MMP9 promoter region, which leads to decrease in the expression of MMP9 genes and vice versa. To strongly establish the link between DNMT3b and MMP9, we used DNMT3b siRNA and looked into the expression of MMP9 in bEnd.3 cells. We found that in the presence of DNMT3b siRNA, DNMT3b protein expression was significantly decreased and MMP9 protein expression was significantly increased, as compared to control ( Supplementary Figure 1) . In order to validate the role of miR29b in regulating DNMT3b and consequently MMP9, we used miR29b mimics and inhibitors. The use of miR29b mimics caused further downregulation of DNMT3b and activation of MMP9 that eventually raised endothelial cell permeability. On the contrary, antagomiR29b led to increase of DNMT3b and decrease in MMP9 enzyme activity, which mitigated cell permeability. These results confirmed that miR29b regulates the levels of DNMT3b, which in turn regulates MMP9 expression along with its activity and these events regulate cell permeability.
Next, we confirmed our in vitro results in the in vivo system by correlating the expression of miR29b directly with brain vessel permeability in mice. The intravital fluorescence microscopy analysis revealed increased brain pial venular permeability in CBS þ / À mice as compared to WT. We found increased expression of miR29b, and decreased expression of DNMT3b in CBS þ / À as compared to WT mice group. In addition, the MMP9 activity and expression were also high in CBS þ / À mice in relation to WT littermates. Hence, WT mice, which have less brain vessel permeability, showed decrease in miR29b levels, To strengthen our hypothesis, we administered locked nucleic acidanti-miR29b injection in vivo to conclusively show miR29b regulation in BBB permeability. We administered scramble miR and anti-miR29b into CBS þ / À mice through intracerebral route, as explained by Krutzfeldt et al. 40 The author described that local administration of antagomiR-16 is effective as compared with systemic infusions, most likely because of inability of oligonucleotides to cross the blood-brain barrier. 40 As compared to CBS þ / À þ scramble miR mice, CBS þ / À þ anti-miR29b mice showed significant decrease in miR29b levels along with considerable decrease in FITC-BSA leakage through brain pial venules ( Supplementary Figure 2) . In agreement to our finding, Zhou et al. 41 also found miR29 family member 'miR29a' involvement in the regulation of intestinal membrane permeability in patients with irritable bowel disease. 41 Further, we studied cause-effect relation of miR29b induction with the expression levels of junction proteins that maintain BBB integrity along with oxidative stress and other molecular events in vivo (HHcy) mice model. Compared with WT, HHcy mice brain indicated signs of oxidative stress (gain of NOX-4), drop in endothelial function (loss of eNOS), and diminish synaptic plasticity (SAP-97). Apart from that, cortical brain vessels of CBS þ / À mice showed distorted expressions of endothelial lining (CD31), gap junctions (Connexin40), tight junction (occludin), and adherent junction (VE-cadherin) as compared to WT mice. All these events confirmed BBB disruption in HHcy mice brain.
As 5 0 -aza is being used to epigenetically reprogram the endogenous cells and ameliorate neurologic outcome and neuropathic pain, 15, 16, 42 it was interesting to see the effect of this drug on brain vessel permeability. Interestingly, we found improvement in the BBB permeability in CBS þ / À þ 5 0 -aza mice as compared to CBS þ / À mice. 5 0 -aza significantly ameliorated CD31 and VE-cadherin expressions but not the Connexin40 and occludin expressions, which indicated its effect on adherent and endothelial junctions in HHcy mice brain. Hence, the improvement of BBB permeability in CBS þ / À þ 5 0 -aza mice brains is probably because of alleviations of endothelial and adherent junctions. In the current report, we used 5 0 -aza in parallel with Hcy in all the treatment groups (in vitro and in vivo) to see that whether the effects of 5 0 -aza involve miR29b. We found that 5'-aza alleviated HHcy-induced oxidative stress and epigenetic changes. In support to our study, Zhang et al. 43 have shown that 5'-aza reverts the effects of H 2 O 2 induced oxidative stress and epigenetic changes. 43 We also found that in 5 0 -aza-treated groups, the MMPs activity was decreased (which was upregulated in HHcy), along with amelioration in the expression level of DNMT3b. As the expression of miR29b was also decreased in all 5 0 -aza-treated groups and hence; we postulate the effects of 5 0 -aza on BBB permeability are mediated by miR29b. Till date, there are no studies on the role of miR29b in BBB permeability and the effect of 5 0 -aza on brain vessel permeability. On the basis of results obtained, we have proposed a hypothesis (Figure 8 ) that explains the regulation of miR29b in HHcy and further downstream events leading to the regulation of MMP9 through DNMT3b.
In summary, our study provides a novel insight into our understanding of the role of microRNAs, especially miR29b in epigenetic modulation of the BBB disruption, as, till date there are no studies on the role of miR29b in BBB permeability and the effect of 5 0 -aza on brain vessel permeability. The elaboration of Hcy-induced faulty epigenetics explains the pathogenesis of cerebrovascular complications in people who are 'at risk' having high Hcy levels in their blood. Our data explains Hcy-induced BBB permeability epigenetically, and the results reflect that miRNA, DNMTs, and MMPs are involved profoundly in the pathogenesis of leaky cerebral vasculature. The project also paves the way for the future studies on the epigenetic therapy by directing potential microRNA involved in the pathologic process of cerebral diseases.
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Blood-brain barrier permeability Figure 8 . Hypothesis: The figure represents the proposed hypothesis for miR29b-induced mechanism in blood-barrier dysfunction. High levels of homocysteine in blood lead to increase in oxidative stress and miR29b that mediate the opening of blood-brain barrier (BBB) by directly targeting DNMT3b, which then target MMP9. The open BBB thereby influences permeability of the brain vessels and hence leads to BBB dysfunction. 5 0 -azacytidine improves blood-brain permeability by reducing miR29b and alleviating DNMT3b and MMP9 levels.
